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Defect structures on epitaxial FgO,(111) films
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Epitaxial FgO,(112) films were grown onto a Pt11) substrate by repeated cycles of iron deposition and
subsequent oxidation in 16 mbar oxygen. A previous low energy electron diffractitEED) intensity
analysis revealed the regular;Bg(111) surface to exposé monolayer Fe atoms over a close-packed oxygen
layer underneath. With scanning tunneling microscé®yM) a hexagonal lattice of protrusions wia 6 A
periodicity is observed. The protrusions are assigned to the topmost layer Fe atoms, which agrees with the
dominating Fe@ electron density of states near the Fermi level related to these surface atoms, as revealed by
ab initio spin-density-functional theory calculations. The most abundant type of point defects observed by
STM are attributed to iron vacancies in the topmost layer, which was confirmed by LEED intensity calculations
where different types of vacancy defects have been simulated. For oxidation temperatures around 870 K the
regular FgO,(111) surface coexists with several different surface structures covering about 5% of the films,
which exposef—1 ML iron atoms or close-packed iron and oxygen layers, resulting in surface domains that are
FeQ111) and FgO,(111) in nature. These domains are arranged periodically on the surface and form ordered
biphase superstructures. At 1000 K oxidation temperature they vanish and only the regOl4t Fp surface
remains[S0163-182@9)07539-9

[. INTRODUCTION stance by low energy electron diffractichEED) and ab
initio calculations.

The relevance of metal oxides for technological applica- Previous STM studies performed on naturak®g111)
tions like heterogeneous catalysis and others is promptingingle-crystal samples prepared in~fOmbar oxygen re-
growing interest in investigating these materials. In this convealed the coexistence of two different surface terminatfons.
text, the preparation of thin epitaxial oxide films has becomeOne was attributed to an unreconstructédl) termination
very important. They can be investigated by standard surfac@f F&:0, that exposes monolayer(ML) of O atoms ovef
science techniques without facing a number of experimentd/IL of Fe atoms, the other to an unreconstructed) ter-
problems encountered with single-crystal samplBegard-  Mination that exposes ML of iron atoms over a close-
ing the catalytic properties of metal oxides, thin oxide filmsPacked oxygen layer. On surfaces prepared under more re-

with defined surface structures and chemical compositiondU¢ing conditions, i.e., brief annealing in high vacuum

allow to investigate structure-reactivity correlations in a sys-WIthOUt oxygen, coexisting Fe@1]) and FgO,(111) sur-

tematic mannef.However, the preparation of defined oxide face domains formed ordered superstruct(if@sis phenom-

surfaces is difficult and critically depends on preparation pas o Vas called biphase ordering, which for the first time
y dep prep b dLvas observed om-Fe,05(000) single-crystal surfaces pre-

ra:meterrg A“l:e onﬁldatlﬁnmt(;mﬁ]evrattjire tiagdr \c/)xylganpart:]a ared in 10° mbar oxygen. Here, Fe®1l) and
pressure€.A recent systematic investigation revealed Fe- a -Fe,05(000)) patches formed long-range superstructures as

O-terminated surface structures to coexist on epitaxia result of the reducing preparation conditions for thgCse
a-Fe,045(000)) films prepared in a wide range of oxygen gas oxide phasé.

pressureé,untill at 1 mbar oxygen pressure the O-terminated | this paper, we focus on surface defect structures that
surface dominates as predicted by recesb initio  form on well-ordered epitaxial F©,(111) films grown onto
calculations’. Thus, the formation and possible coexistencept(lll) substrates. One single regular surface structure is
of different surface structures always has to be taken intghserved after oxidation at 1000 K in 19 mbar oxygen,
account. Furthermore, atomic surface defects can dominatghose atomic geometry was determined in a LEED intensity
the catalytic properties rather than the well-ordered surfac@nalysis'® Based on the LEED analysis result and ab
areas, as was shown for example for the dehydrogenation dgiitio calculations the protrusions observed in atomic resolu-
ethylbenzene to styrene over Fe-terminatedre,O3(0001)  tion STM images of this surface can be assigned to topmost
model catalyst surfacésTherefore, the identification and layer Fe atoms, as discussed in Sec. Ill A. The dominant type
characterization of surface defects is crucial in order to comef point defect observed by STM appears as missing protru-
prehend the catalytic properties of metal-oxide surfacession and is assigned to surface Fe vacancies, which also is
With scanning tunneling microscog$TM) it is possible to  confirmed by dynamical LEED calculations. In Sec. Il B
image coexisting surface structures as well as local defectSTM images of ordered biphase structures that consist of
However, the assignment of image contrasts to atomic spd~e;0,(111) and Fe@111) surface domains are presented.
cies needs additional information, in particular for compoundThey form at oxidation temperatures around 870 K and rep-
materials like metal oxides, which contain several elementatesent minority defect structures that cover about 5% of the
species. Such additional information can be provided for inentire sample. Based on the STM data models for these
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FIG. 1. Slightly tilted side view(@) and top view(b) of the FgO,(111) surface structure as determined by the LEED intensity analysis.
On the left side thé¢111) layer sequence with tetrahedrally coordinategFer Fg., atoms, with octahedrally coordinated ggor Fe
atoms, and with Qand Q layers is indicated. Irib) the surface unit cell with a lattice constant of 5.94 A and the two symmetrically
inequivalent oxygen atoms,@nd Q, are indicated. In the side view the ionic radii are reduced by a factor of 0.5, the top view is drawn with
the full ionic sizes.

structures are proposed, and a comparison to similar biphaseltage(l-V) curves were measured under normal incidence
structures observed on §&&(111) single crystal samples is at T~120K sample temperature. The diffraction patterns
made. were recorded with a charge coupled device camera and
stored onto a computer, then the I-V curves were extracted
Il EXPERIMENT with software programs developed at the Fritz-Haber Institut.

The experiments were performed in an ultrahigh vacuum ll. RESULTS AND DISCUSSION
(UHV) system described in detail elsewhétdt had a base . . . . .
Fe,0, magnetite crystallizes in the cubic inverse spinel

pressure of less tharnd10” *®mbar and was equiped with a structure, where the oxygen anions form a close-packed fcc
STM, a backview LEED optics, an Auger electron spectrom- ' Y9 P

eter (AES), and standard facilities for sample cleaning. Thesublat'uce with tetrahedrally and octahedrally coordinated

+ + ; ; ; i ; iy
Pt(111) surface was cleaned by repeated cycles of argor'1: i 1agg l':céts g%téogiéotcoateqem;h; Itnr;tzrg;[ﬂ]?ts&;;%e
sputtering and annealing to 1300 K, until it exhibited a sharpu P! ' p view 3 o

(1x1) LEED pattern and no contamination signals in thestructure determined by the LEED intensity anaI9§i§.h¢
Auger electron spectra. The preparation and growth of th heBxCaggréal ggiﬁi-fag;eieoﬁgfgﬁ) I&ﬁrﬁ (fl(i)rrerztiinu':ﬁg
epitaxial FeO,(111) films is described in detail in Ref. 12. " g seq 9 '

Briefly, iron was deposited by an electron beam-assistel teratomic distance within these planes is 2.96 A. Two dif-

evaporator onto the platinum substrate kept close to roomerent oxygen atom positions exist with respect toisenl

temperature, followed by oxidation for two minutes in > TMeY of the Fg0,(111) surface, which are labeled,O

10 ®mbar oxygen at 1000 K. This produces a weII—orderedand Q in the top view of Fig. b). Between the oxygen
FeQ(111) monolayer film, which can be identified by its planes{111) planes tetrahedral!y and octahedra_llly qurd"
characteristic LEED pat',teﬂ?r The oxygen in the UHV nated Fe atoms are located. Since not all possible sites are
chamber is pumped off after the sample temperature faIIQCCUp'ed within these #11) planes, two-dimensional hex-

below about 700 K. When the first F&€011) monolayer has agonal unit cells with a lattice constant of 5.92 A are formed.

formed the oxidation temperature was decreased to 870 KSi).( ideal bulk ter.minations can be.obtaine_d by cutting the
and after numerous deposition-oxidation cycleg@z€111) Spinel (111) stackmg sequence, Wh!c.h are indicated b)_/ the
multilayer films at least 100 A thick were obtained. TheseletterS on the left side of Fig(d). Defining the atom de_nsny
films exhibited LEED patterns with sharp spots and no AESOf a close-packed oxygen layer as 1 ML' these terminations
contamination signals. Final annealing treatments were pel(/‘—an eXEOSé ML of tetrahedrally cc_)ordmated R OF etz
formed for 5 min in 10° mbar oxygen at 870—-1000 K. atoms, ML of octahedrally coordinated g, or Fe, at-

The STM measurements were made at room temperatu%“s’ or_close packed@r O, Igyer_s. Th_e distance between
in the constant-current mode. Tungsten tips were etchel/'° equivalent FgO,(111) terminations is 4.85 A.
electrochemically in three-molar NaOH solution and cleaned
by electron bombardment under UHV conditions. Image pro-
cessing of the experimental data included background sub- The dynamical LEED intensity analysis revealed the
traction and smoothing procedures. LEED intensity-regular FgO,(111) surface to form an unreconstructed bulk

A. Regular Fe;0,(111) surface structure
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FIG. 2. (a) 3000x 3000 A> STM image showing the characteristic morphology of thgC€111) films. Atomically flat terraces up to
1000 A wide are separated by atomic stegsA high.U,=1.4V,1,=0.8 nA. (b) 90x 90 A?> STM image of the regular §©,(111) surface.
Protrusions form a hexagonal lattice via 6 A periodicity. They are attributed to the topmost layegfratoms[see Fig. 1b)], the missing
protrusions to Fg, vacancies,=—0.9V, J;=0.5nA.

termination that exposesML of Fe,y; atoms over a close- nhegative tunneling bias voltages with magnitudes between
packed oxygen layer underneath. It can be described by tHg3 and 1.5 V, without significant changes in the image con-
layer sequence Rkg—O;—Fe,nu— Oy—Feep— Feyr . trast.
Numerical comparison of the I-V curves calculated for the An assignment of the atomic features in these STM im-
best-fit structure depicted in Fig. 1 and I-V curves taken fromages to surface atoms needs additional information. The
an Fg0O,(111) film with a low-surface defect concentration F&04(111) surface structure determined by the LEED analy-
results in a PendriR factor of 0.20 for a total energy range Sis depicted in Fig. 1 strongly suggests that the STM protru-
of 1300 eV. Strong relaxations of the upper four interlayersions correspond to the positions of thg.fgeations in the
distances were found. The first two interlayer distances artopmost layer, since they form the same hexagonal surface
contracted by 41 and 26%, the third one is expanded by 15%attice with a 6 A periodicity. This interpretation is further
and the forth one is contracted by 11%. These relaxationsubstantiated bgb initio spin-density-functional theory cal-
stabilize the polar F©,(111) termination by considerably culations performed for this particular surface termination of
changing the electron density of states at the surfadéis Fe,0,.° These calculations revealed interlayer relaxations
regular structure is formed on the entire surface of films prealong the same directions as obtained from the LEED analy-
pared by oxidation af = 1000 K, several additional minority sis, which will be published elsewhere. The electron density
structures coexist for oxidation temperatures around 870 Kf states(DOS) at the surface was calculated for the relaxed
as will be discussed in Sec. Il B. On all films we observe theFe;04(111) surface structure determined by the LEED analy-
same hexagonal LEED pattefnot shown here It corre-  sis, which was found not to depend strongly on the absolute
sponds to a surface unit cell with a lattice constarnt=6fA,  values of the interlayer relaxations. Figure 3 depicts the atom
which is formed by the topmost g atoms as depicted in projected partial DOS of the first two atom layers. It can be
Fig. 1(b). seen that the dominant contribution is related tod-efit-
Figure 2a) shows a 3008 3000 A STM image that de- als of the topmost kg, atoms, which create two sharp DOS
picts the characteristic film morphology. Atomically flat ter- maxima located just above and below the Fermi level. There-
races up to 1000 A in size can be seen, which are separatéare, this result also indicates that the STM protrusions cor-
by steps oriented along the main crystallographic directionsespond to the kg, atom positions, and it explains the bias
on the(111) plane. All steps are 4.8 A high, which corre- independence of the STM images. The surface DOS consid-
sponds to the distance between equivalenfOge 11) sur-  erably differs from the one in bulk k@, as observed for
face terminations. On a length scale ofuln the vertical many metal oxide$? The ionic bond character decreases and
roughness ranges around 50 A and mainly depends on thbe bonds become more covalent at the surtac®which
substrate morphology. Some screw dislocations are observestiabilizes the polar E®,(111) surface termination as dis-
on the films (not shown here Figure 2Zb) shows a 90 cussed in Ref. 10.
X90A atomic resolution STM image of the regular The assignment of the STM protrusions to topmost layer
Fe;0,4(111) surface. A hexagonal lattice of protrusions with a Fge; atoms suggests the dominating type of point defect,
6 A periodicity and a corrugation amplitude of abhduA can ~ which is imaged as a missing protrusion, to correspond to a
be seen, as well as randomly distributed point defects thanissing Fg,, atom on the surface. Missing surface atoms
appear as missing protrusions. They represent the dominao&n be approximated in LEED intensity calculations with the
type of surface point defects we observed on all films, andiwveraged-matrix approach(ATA).Y’ The introduction of a
their concentration varies from film to film. The same char-term c-t (c=concentration of the atomic species=0
acteristic hexagonal lattice of protrusions with randomly dis-<1; t=atomic scattering matrpallows to simulate variable
tributed vacancy defects is observed for both positive andoncentrations of any atomic species randomly distributed on
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FIG. 4. Comparison of experimental IV curves taken from
Fe;0,(111) films with a high-surface defect densitgashed lines
and with a low-surface defect densitgolid lineg. The agreement
of the two experimental data sets is quantified by an overall
0 PendryR factor of 0.19.

DOS [states/eV spin atom]

high-defect-density data set. Only a negligible improvement
E. of the PendnyR factor was achieved after removing a top-
8 7 6 5 4 3 2 4 0 1 2 3 most layer Fg;; atom together with the three,Gitoms un-
derneath. In contrasRp decreased upon removing the top-
most Fegy atoms. The maximal improvement &, was
15% for a defect concentration of 30%. No improvement of
FIG. 3. Atom projected partial electron density of states for theRp fOr the low-defect-density data set was achieved when
first two atom layers of the F®,(111) surface termination depicted Considering these defects in the LEED intensity calculations.
in Fig. 1, obtained fromab initio spin-density-functional theory Altogether, the simulation of defects as missing.fr@atoms
calculations. Near the Fermi level the DOS is dominated byd8 ~ improved the fit with the high-defect-density data set, while
states related to kg surface atoms, {2 states related to the two the introduction of oxygen vacancies increased the PeRdry-
symmetrically inequivalent Qand Q, atoms dominate at binding factor. This result further corroborates the assignment of the
energies below-4 eV. protrusions in the STM images to the positions of topmost
layer Fe.; atoms and the dominating type of surface point

the surface lattice sites. As mentioned above these defec@igfect to Fgy, vacancies.

occur in varying concentrations on different films, which of-

fers the possibility to identify them via a LEED intensity

analysis of a high-defect-density data set. Figure 4 shows B. Biphase structures on FgO,(111)

two experimental I-V curve data sets taken from films with A number of structures with short-range periodicities of 3

high- and low-surface defect concentrations, as deducegihd 6 A were formed after preparation at lower temperatures

from STM measurements prior to the data aquisition. From &f 870 K. They differ from the regular §©,(111) surface

visual inspection these 1-V curves look quite different. A structure and are arranged in patches that form long-range

quantitative comparison between the two experimental datguperstructures as shown in Figab These superstructure

sets reveals a PendR/factor of Rp=0.19, which indicates islands have lateral sizes of 100—500 A, they are randomly

some significant differences in the corresponding surfacgistributed on the surface and cover less than 5% thereof.

structures. However, both data sets lead to identical best fithree characteristic structural arrangements are observed

structures for the R©,(111) surface(within the margins of  within these regions.

error) when performing a structure analysis with the two ex-

perimental LEED |-V data sets, where the low-defect density

data set reveals a low& factor than the high-defect-density

data set. Therefore, we assign the differences in the |-V The lower part of Fig. B) shows the regular F©,(111)

curves to the different defect concentrations of the two filmsurface exhibiting the hexagonal lattice of protrusions with a

surfaces, as observed by STM. 6 A periodicity. In the upper part a long-range superstructure
For simulating the two LEED I-V data sets in Fig. 4 we is formed by three distinct regions labeled 8, andy. The

tested different types of surface vacancies and varied thellexagonal superstructure cell has a lattice constant of 45 A

concentrations from 0% up to 50% in steps of 10%. Removaénd is aligned to the F©,(111) surface unit cell. The pro-

of O, atoms(cf. model in Fig. ] always increaseBp for the  trusions within thea regions ae 6 A apart from each other

energy [eV]

Structure 1
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FIG. 5. STM images of an §©,(111) film prepared at 870 K in 10 mbar oxygen(a) 200x 200 A? image showing an island exhibiting
a superstructure involving three different surface structures, which is surrounded by the reg@gd®® surface. U,=0.7V, I,
=0.5nA. (b) 140x 140 A? image of a superstructure region. Three distinct regions lahelgd andy form a superstructure with &45 A
periodocity and aligned to the regular JBg(111) surface lattice visible in the lower part of the image.
U,;=0.65V, I,=1.2 nA. Below profile lines along the white lines labeladB, andC in the STM image are showifc) 55X 55 A? image
of a superstructure region. Hexagonal arranged protrusions &8 A lattice in thea region. Hexagonal lattices of depressions with 3 A
periodicities can be seen in the and y regions. An additional corrugation modulation create 6 A unit cell in the y region. U,
=0.6V, 1,=0.5nA. (d) Schematic model for the surface structures formed indhe3, and y regions. In the lower part the regular
Fe;0,4(111) surface terminated bi/ML Fe atoms is depicted, which is also formed in #daeegion. TheB andy regions expose hexagonal
close-packed layers of octahedrally coordinated Fe atoms located overlaype® resulting in surface structures H&®1) in nature. The
dark circles on the right indicate the minimum electron density of states located over #tens in the second layer, because the dangling
bonds of the octahedrally coordinated Fe atoms are oriented “tangential” to tla¢o®s.

and located in lateral registry with the protrusions of theland looks somewhat deepened into the surrounding
surrounding regular R®,(111) surface. Therefore, we as- Fe;0,(111) surface, from which it is separated by a dark
sign them to the same layer of g atoms, although the periphery about 10 A wide. The apparent height difference
profile line A in Fig. 5 reveals thex region to be located presumably is caused by a different electron density of states
~0.6 A deeper than the regularJe(111) surface. This can on the superstructure surface region when compared to the
also be seen in Fig.(8 where the entire superstructure is- surrounding regular R®,(111) surface.
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FIG. 6. () 175x 175 A% image showing a bi-
phase superstructure and a profile line along the
white line in the image&below). The biphase su-
perstructures are located 2.5 A lower than the
regular FgO,(111) surface visible in the lower
part of the image, and they are slightly rotated
against the regular E©,(111) surface lattice.
Like in Fig. 4 three distinct regiona*, g*, and
v* are indicatedJ,=0.2V, 1,=0.5nA. (b) 70
X 70 A% image showing hexagonal lattices of
protrusions wih 3 A periodicities in thes* and
v* regions, whereas no features are visible in the
a* region. In theB* region3 ML of protrusions

—30 are missing, leading to a 6-A surface unit céd)
ﬁ Schematic models for the surface structures in the
£ 25 B* and v* regions. The gray triangles in th&
=] region indicate the depressions observedbh
3
g 0.0k = vy s 7 ML of Fe,, atoms are exposed over an, O

layer underneath, resulting in anJ8g(111) sur-
face termination. In the* region a close-packed
Fe layer is exposed over an, @yer underneath,
resulting in a Fg0,(111) surface terminated by a
FeQ111) bilayer. U;=0.2V, 1,=0.4nA.

distance [A]

For the interpretation of the STM features within tBe B8 and+y regions has three dangling bonds, which are oriented
and y regions we refer to the &g atom layer within thew ~ tangential to the oxygen atoms underneath in a top view.
regions. As can be seen in Fig(ch the 8 and y regions  This produces a honeycomb lattice with a minimum electron
exhibit similar structures, imaged as depression& wi8 A density of states located in the hollow sites of the close-
periodicity and much smaller corrugation amplitudes tharpacked Fe lattice, that is on top of the oxygen atoms under-
those observed in the regions. TheB and y regions are neath. The minimum electron density of states is depicted
separated by a narrow darker region in between, which carschematically by the black circles in the right part of Fig.
not be assigned to an antiphase domain boundary since tla¢d). Therefore, we assign the depressions in the STM im-
depressions within both regions are in lateral registry. Theyages to oxygen atom positions in thg @yer. The pair of
form well ordered structures wita 3 A unit cell in the3  arrows on the left-hand side in the line proflemark two
region, wheres a 6 A unit cell is formed in they region  depressions, the pair of arrows on the right-hand side were
because of an additional corrugation modulation. These uniaterally shifted by an integer number of lattice spacings,
cells are indicated in Fig.(6). In the profile linesA andB  until they were located over the region. It can be seen that
the corrugation maxima within thg and y regions appear the protrusions attributed to g atoms are between two
about 0.4 A higher than the protrusions in theregion. depressions located at oxygen atom positions, as expected
Therefore, we assign them to a surface terminated by a hefer the model depicted in Fig.(8). The additional modula-
agonal close-packed layer of Jsg atoms located in threefold tion in the y region creating the 6 A unit cell must be due to
hollow sites on top of the Qayer. In a truncated bulk model a somewhat different surface layer relaxation if compared to
without relaxations the Eg layer would be located 0.6 A region 8 exhibiting tre 3 A unit cell.
higher than the Rg4 layer, which compares reasonably with
the measured height difference of 0.4 A. The stacking se- Structure 2
quence of this termination can be described as The upper part of Fig.(®) depicts a similar superstructure
Féyezr —O1—Fe,cn—Ox—Faern .., Where the asteric indicates as observed in Fig. 5. It forms a large unit cell with a lattice
that the topmost g layer contains 1-ML Fe atoms in constant of 45 A, which is slightly rotated against the regular
contrast to3 ML in bulk Fe;O, This termination corre- Fe0,(111) surface lattice visible in the lower part of the
sponds to a surface structure K&l in nature, where the image. Again, three distinct regions labelet], 5*, and v*

O, plane is located between two octahedrally coordinated Fean be distinguished within each superstructure cell. Here,
layers. no protrusions are observed within th& regions. Theg*

Figure 5d) schematically depicts the proposed modelandy* regions exhibit hexagonal lattices of protrusions with
with the regular FgD,(111) surface structure in the lower a 3 A periodicity, which are aligned to the regular
part and the three superstructure regions in the upper pame;O,(111) surface lattice. In thgg* region missing protru-
They all expose Fe atoms located over the samda@er.  sions create triangular shaped depressions faymif Aunit
Because of their octahedral coordination each Fe atom in theell as resolved in Fig.(®), whereas the* region exhibits a
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FIG. 7. (a) 200x 200 A? image showing a variety of long-range structures that do not form ordered superstructures. They are located on
about the same level as the regulag®£111) surface.U,=0.3V, |,=0.4 nA. (b) 65X 65 A? image showing hexagonal lattices of protru-
sions wih a 3 Aperiodicity. The lateral positions of the protrusions are in registry with threefold hollow sites of thgaf@m positions on
the regular Fg0,(112) surface. They are attributed the oxygen atom positions of @f&11) surface terminated by an,Qayer. U,
=0.3V, I;=0.4nA.

close-packed lattice of protrusions tvia 3 Aperiodicity. A Fe,0,(111) the same termination exposifgML Fe,q, at-

can be seen in the profile line in Fig. 6 these two regions argms over an @layer was observed, and similar models were
located on the same height, which is about 2.5 A lower tharbroposed for Fe(11) surface domains exposing close-
the regular FgO,(111) regions. This height difference corre- packed iron or oxygen layers. In the single-crystal experi-
sponds to the spacing between consecutive oxygei lay-  ments the Fe(11) surface domains were formed because of
ers within the FgO, bulk structure. Therefore, we propose yhe reducing preparation conditions for the respective oxide

these regions FO be termingted by Fe atqms 'Qcat?d OVer Hhases, caused by the low-oxygen partial pressures applied.
O, layer(see Fig. 1 As depicted schematically in Fig(d, Here, the biphase structures on the epitaxiajQz€111)

a close-packed layer of octahedrally coordinated,. e films were formed in 10° mbar oxygen pressure at

atoms is exposed in they/ region. This termination . . .
is described by the layer sequence =870K. Accqrdlpg to the iron-oxygen bulk phase diagram
Fe;0, magnetite is the thermodynamically stable phase un-

FQ)CI].*_OZ_ qutz_ Fe)CtZ_ qutl_ol_. ey Wh'Ch corre- .. . .
sponds to an Fe@ll) bilayer located on top of a der these condition$. The FeO surface domains might be

Fes0,(111) surface terminated by a Eg layer. Theg* re- formed because of the slow kinetics of the oxidation of Fe to
gion is terminated by ML of Fe,, atoms, which create the F€O and Fgo, during the preparation procedure. This ex-
hexagonal lattice of depressions with a 6-A periodicity asPlains why these regions disappear at higher oxidation tem-

indicated by the triangles in Fig(&. This corresponds to an Peratures of 1000 K, when only the regularGg111) sur-
unreconstructed bulk termination of J&(111). face remains which is the most stable structure. It is
interesting to note that Thorntat al. have observed regions
on the FgO,4(111) single crystals that looked identical to the
STM images of the regular E©®,(111) surface regions pre-
Figure 7a) shows a STM image where mostly triangular- sented her& These regions increased in size with increasing
shaped regions separated by narrow dark boundary lines camnealing temperature, which also suggests this structure to
be seen. The regular &,(111) surface is visible in upper be the most stable one.
right and lower left of the image. Here, the long-range modu- In the course of the experiments it turned out that the
lations form no ordered superstructure. The high-resolutionegular FgO,(111) surface is very reactive towards adsorp-
image in Fig. Th) exhibits a hexagonal lattice of protrusions tion. After some hours under UHV condition the bright fea-
with a 3 A periodicity. They are located on about the sametures in Fig. 8 are observed. They create corrugation maxima
level as the regular F©,(111) surface, and therefore, we abou 2 A high, which are located on threefold hollow sites
attribute them to be based on thg fayer. The protrusion (arrow 3 and on top sitegarrow 2 of the underlying hex-
amplitudes are modulated and form a unit cell with a latticeagonal lattice of protrusions. The appearance of these adsor-
constant of 6 A. Their lateral positions are in registry with bate features strongly depends on the bias voltage. They are
threefold hollow sites of the g atom positions on the not visible at negative voltages and at positive voltages be-
regular FgO4(111) surface. This lateral position correspondslow 0.3 V, at higher positive voltages they become visible as
either to an Q atom position or to a hollow site over three bright protrusion features. These corrugation changes were
O, atoms(see Fig. 1 Therefore, we attribute these protru- reproducible when the bias voltage was changed during
sions to the topmost layer oxygen atoms of a@€111) scanning, which excludes tip changes as a reason. The ad-
surface terminated by an;Qayer. sorbate coverage in Fig. 8 corresponds to about 3% of a ML,
As outlined in the introduction similar biphase structuresreferred to the atom density in the close-packed oxygen
with FeQ(111) surface domains were observed on natural(111) layers of FgO,. Since no elements other than Fe and
a-Fe,04(0001) and FgO,(111) single crystal samplés’On O are detected with AES, these features must correspond to
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LEED. For oxidation temperatures of 1000 K one stable sur-
face termination is formed. A previous LEED intensity
analysis performed for this regular J&&(111) surface struc-
ture suggests the protrusions measured in atomic resolution
STM images to correspond to the Fe atom positions in the
topmost surface layer. This assignment agrees with the elec-
tron density of states obtained froab initio spin-density-
functional theory calculations performed for this surface ter-
mination, where FeBderived states of the surface Fe atoms
dominate close above and below the Fermi level. The domi-
nant type of surface point defects appear as a missing pro-
trusion and therefore are attributed to iron vacancies in the
surface layer, which was corroborated by simulation of vari-
ous kinds of surface vacancy defects with dynamical LEED

calculations.

FIG. 8. 125¢ 125 A? image of the regular §®,(111) surface For lower oxidation temperatures of 870 K domains with
covered by adsorbate species, which appear as bright features ung@veral additional surface structures are formed. They cover
these tunneling conditions.U,=1.3V, I,=1.0nA. Arrow 1 about 5% of the film surfaces and expdsML Fe atoms as
marks a surface kg vacany, arrow 2 and 3 adsorbate species onwell as close-packed iron and oxygen layers, which corre-
top and threefold hollow site, respectively. spond to surface terminations that are;Bg£111) and

FeQ111) in nature, respectively. These domains are ar-
adsorbed water, OH, or H species. We never observed adsaanged periodically and form long-range superstructures, re-
bate features on the biphase superstructure regions, whigulting in the biphase ordering phenomenom observed previ-
indicates a very different surface chemistry for these termiously on FgO,(111) single-crystal samples.
nations. The nature of these adsorbate species is currently
under investigation.
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